Caffeine (1,3,7-trimethylxanthine) and theobromine (3,7-dimethylxanthine) are well-known purine alkaloids in Camellia, Coffea, Cola, Paullinia, Ilex, and Theobroma spp. The caffeine biosynthetic pathway depends on the substrate specificity of N-methyltransferases, which are members of the motif Bʹ methyltransferase family. The caffeine biosynthetic pathways in purine alkaloid-containing plants might have evolved in parallel with one another, consistent with different catalytic properties of the enzymes involved in these pathways.
Caffeine (1,3,7-trimethylxanthine) and theobromine (3,7dimethylxanthine) are well-known purine alkaloids present in the genera Camellia, Coffea, Cola, Paullinia, Ilex, and Theobroma [1] . The main biosynthetic pathway of caffeine is illustrated in Figure 1 [1] . This pathway in tea and coffee plants is supported by the substrate specificity of N-methyltransferases [2] [3] [4] [5] [6] . The rate of caffeine biosynthesis in planta is considered to be regulated by methylation of purine bases [7] .The involvement of N-methyltransferase activity in caffeine biosynthesis was first reported in an experiment using crude extract from tea leaves [8] . N-methyltransferases from tea and coffee are very labile; therefore, the purification of these enzymes is difficult. Kato et al. first isolated highly specific, SAM-dependent N-methyltransferase protein involved in caffeine biosynthesis from young tea leaves [2] . This enzyme was referred to as caffeine synthase (EC 2.1.1.160). Caffeine synthase catalyzes 1-N-and 3-N-methylation reaction of mono-or di-methylxanthines. Paraxanthine is the best methyl acceptor for mono-and di-methylxanthines. When dimethylxanthines are used as substrates for caffeine synthase, paraxanthine is the best methyl acceptor, followed by theobromine. Of three monomethylxanthines investigated, 3-N-methylation of 7-methylxanthine is the most readily catalyzed. The pathway by the way of paraxanthine is considered a minor one for caffeine biosynthesis [2] .
Caffeine synthase
Caffeine synthase gene from tea leaves, named TCS1, consists of 1,438 base pairs and encodes a protein of 369 amino acids [3] . The isolation of TCS1 was the breakthrough in the elucidation of the genes involved in purine alkaloid biosynthesis. Studies on the recombinant enzymes in Coffea arabica identified three types of methyltransferases involved in caffeine biosynthesis. CCS1, CtCS7, and CaDXMT1 are caffeine synthase genes similar to TCS1 [4, 6] , and CmXRS1 and CaXMThave been identified as 7-methylxanthosine synthase (EC 2.1.1.158) genes [5, 6] . 7-Methylxanthosine synthase is specific for 7-N-methylation of xanthosine, whereas xanthine, monomethylxanthine, and dimethylxanthine are not substrates for 7-methylxanthosine synthase. 7-Methylxanthosine synthase from coffee plant also has nucleosidase activity and is considered to be involved in the reaction from 7-methylxanthosine to 7-methylxanthine [9] . CTS1, CTS2, CaMXMT1, and CaMXMT2 are theobromine synthase (EC 2.1.1.159) genes and the only substrate for theobromine synthase is 7-methylxanthine [5, 10] . Recently, Mizuno et al. identified that the function of paralogous genes CtCS3 and CtCS4, which have been considered related to those involved in purine alkaloid biosynthesis, encode trigonelline synthase [11] . However, the function of CaMTL1 and CaMTL2 remains to be elucidated [6] . In Camellia sinensis, the gene encoding 7-methylxanthosine synthase has not been identified. The recombinant protein from TCS2, which is paralogous to TCS1, does not exhibit methyltransferase activity against mono-or dimethylxanthines [12] .
Caffeine synthase and theobrominesynthase from Theaceae
Camellia irrawadiensis and C. ptilophylla are theobromineaccumulating plants [13] [14] [15] . The recombinant methyltransferases derived from these two species exhibits only 3-N-methyltransferase activity. Molecular species of purine alkaloids depend on the substrate specificity of N-methyltransferase [12] , and the occurrence of theobromine synthase in Theobroma cacao, which is a theobromine-accumulating species, also supports this assumption [12] .
Camellia, the largest genus in the Theaceae, has been divided into four subgenera, Protocamellia, Camellia, Metacamellia, and Thea, by Chang and Bartholomew [16] , among which Protocamellia is considered ancestral to the other three sub-genera. Among these subgenera, only a limited number of species in Thea produce purine alkaloids, including caffeine. However, why only certain species of the section Thea contain caffeine remains unexplained. The analysis of orthologous genes of TCS1 in Camellia plants is indispensable for clarifying which of the two synthases is ancestral-caffeine or theobromine synthase. Ishida et al. demonstrated the occurrence of theobromine synthase gene in purine alkaloid-free species derived from Camellia plants that belonged to the sub-genera Protocamellia, Camellia, and Metacamellia [17] . This observation strongly suggested that caffeine synthase has evolved from theobromine synthase in Camellia plants. Transcripts of theobromine synthase genes were detected in Camellia plants, suggesting that these genes were not pseudogenes. Unlike the caffeine synthase gene, the theobromine synthase gene from purine alkaloid-free species derived from Camellia was expressed more strongly in mature tissue than in young tissue [17] . Whether methyltransferases are involved in metabolism other than purine alkaloid biosynthesis would be very interesting to investigate from the point of view of molecular evolution of the enzymes and branched metabolism.
Motif Bʹ methyltransferase family in plants
Caffeine synthase and theobromine synthase belong to the motif Bʹ methyltransferase family, which has motif Bʹ and YFFF region in the amino acid sequence; it is known as the SABATH family [18] . Three conserved motifs (A, B, and C) of the methyl donor of SAM have been reported in most plant SAM-dependent Omethyltransferases that have been previously identified [19] . However, motif Bʹ and the YFFF region are specific to the methyltransferase family, a novel one that includes caffeine synthase [20] . Salicylic acid carboxyl methyltransferase (CbSAMT) from Clarkia breweri was the first characterized member of the motif Bʹ methyltransferase family [21] . The amino acid sequence of CbSAMT shares 40% homology with TCS1. Most members of the motif Bʹ methyltransferase family catalyze the formation of smallmolecule methyl esters by using SAM as a methyl group and substrates with a carboxyl group as methyl acceptors. For example, the carboxyl methyltransferases of this family are benzoic acid carboxyl methyltransferase (BAMT) [22] , jasmonic acid carboxyl methyltransferase (JAMT) [23] , indole-3-acetic acid (IAA) methyltransferase (IAMT) [24] , and gibberellic acid methyltransferase (GAMT) [25] .The known substrates of Nmethyltransferases from this family are limited to purine alkaloids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [12] [13] [14] [15] [16] [17] 26] and nicotinic acid (NA) [11] . The phylogenetic analysis of motif Bʹ methyltransferases is indicated in Figure 2 . The results imply that caffeine biosynthesis in coffee, tea, cacao, and guarana plants have evolved in parallel with each other. In contrast, 24 and 41 genes encoding members of the motif Bʹ methyltransferase family occur in Arabidopsis thaliana and Oryza sativa, respectively [27] . Evolution of branched metabolism might arise through gene duplication. The structural and phylogenetic studies indicated that the hypothesis that IAMT is an evolutionarily ancient member of the motif Bʹ methyltransferase family plays a critical role in IAA homeostasis across a wide range of plants. Phylogenetic analysis suggested that IAMTs from Arabidopsis, rice, and poplar form a monophyletic group [27] . Further investigation into IAMT from tea and coffee plants is needed to resolve the relationship between caffeine synthase and other motif Bʹ methyltransferases in purine alkaloid-containing species.
Figure 2:
Molecular phylogenetic tree of motif Bʹ methyltransferase family. The identified substrates are shown within parentheses. The unrooted tree is created by a neighborjoining method using ClustalWsoftware [28] . The sources of sequences given by the GenBank numbers are as follows: TCS1, AB031280; TCS2, AB031281; ICS1, AB056108; ICS2, AB207816; PCS1, AB207817; PCS2, AB207818; CjCS1, AB297451; CmXRS1, AB034699; CTS1, AB034700; CCS1, AB086414; CTgS1, AB054842; BTS1, AB096699; CbSAMT, AF133053; AmBAMT, AF198492; OsIAMT, EU375746; AtBSMT1, NM111981; AtJAMT, AY008434; AtIAMT1, NM124907; AtGAMT1, NM118775; PcCS, BK008796.
